Differences in particle mass and number concentrations between a busy urban street canyon (north-south orientation, about 50,000 vehicles 24 h −1 ) and an adjacent backyard were measured with optical particle counters. The influence of meteorological quantities, especially turbulent flow within the urban canopy layer, was also studied. Particle mass concentrations PM 10 and PM 1 were consistently larger within the street canyon due to enhanced emission and resuspension. For the study period this resulted in higher concentrations in the canyon of on average 30 % (PM 10 ) and 22 % (PM 1 ). Although elevated transport of submicrometer particles was related to easterly wind directions, the largest relative concentration differences between both sites were associated to cross-canyon flow from westerly wind directions. This is due to the canyon vortex being able to direct polluted air masses to the measurement site during flow being directed perpendicular to the canyon axis. For less polluted air within the backyard the backyard vortex is of minor influence. We found different influence of thermal and mechanical turbulence on the temporal evolution of concentration differences at both sites. Thermal turbulence was positively correlated with particle concentrations, while the latter was characterised by negative correlation coefficients. 
Introduction
The spatial and temporal distribution of air pollutant concentrations within urban areas is complex and highly variable. This is mainly due to the degree of urban diversity, i.e. diurnal courses of different pollutant emissions from anthropogenic and natural sources as well as horizontal and vertical variations due to the complex threedimensional structure and flow regime within cities (e.g. OKE, 1987; ARYA, 2001 ).
To analyse the distribution of particulate pollutant concentrations within cities a number of studies concentrating on different spatial scales were published in recent years (e.g. HARRISON et al., 2001; RUUSKANEN et al., 2001; HUEGLIN et al., 2005; GIUGLIANo et al., 2005; KAUR et al., 2007) . However, relatively little is known about particle concentration differences between urban street canyons and adjacent backyards.
Backyards are discussed to be somewhat privileged in comparison to the urban neighbourhood in terms of e.g. climate comfort, pollutant concentrations or environmental noise levels (e.g. BAUER and ALEXANDER, 1996; FORSSEN and HORNIKX, 2006) regions around the globe significant pollutant emission in backyards might be introduced due to the uncontrolled burning of domestic waste (e.g. WEVERS et al., 2004; HEDMAN et al., 2005) , the majority of urban backyards is used as recreational area or storage space (in this study we refer to backyards that are completely enclosed by buildings/walls). Therefore most of them are characterised by little or no traffic movements and local emissions of pollutants.
Until now studies on the behaviour of urban street canyon and backyard microenvironments were focussing on differences of thermal or bioclimatic quantities and gaseous air pollutant concentrations (MAHRINGER, 1963; GERTIS et al., 1983; POPP, 1996; SCHWEGLER, 1999; SHASHUA-BAR et al., 2006) . Backyards were generally characterised by conditions of enhanced thermal comfort in comparison to the sur- rounding street canyons/neighbourhood, e.g. decreased direct downward shortwave radiation due to shading effects, lower radiation temperatures and damped daily temperature amplitudes (e.g. GERTIS et al., 1983) . The concentrations of air pollutants were shown to be significantly lower within backyards. Average daily weekday concentration of gaseous pollutants CO, NO and NO 2 were lower by 43 %, 78 % and 36 %, respectively, in comparison to an urban street canyon (BAUER and ALEXANDER, 1996) . VOGT et al. (2006) observed CO 2 concentration differences of about 15 ppm between a street canyon and a backyard in Basel, Switzerland, during flow perpendicular to the canyon.
Although local emission of pollutants is normally limited within backyards, dispersion also is restricted due to the enclosed building structure. Wind tunnel results indicate that wind speed within a backyard decreases to about 13 % of the wind speed at the top of the model atmosphere (for flow being directed perpendicular to the backyard, e.g. SHARPLES and BEN-SALEM, 2001 ). This value declines to about 6 % with increasing plan area density (ratio of plan area of buildings/roughness elements to plan area of total surface) in the vicinity of the model backyard. Similar results were reported by HALL et al. (1999) .
The foregoing observations indicate that meteorology might significantly influence particle concentration differences between canyon and backyard sites. Earlier results demonstrated important effects of different meteorological situations, especially the turbulent state of the near-surface boundary layer, on particle concentrations in an urban street canyon (WEBER et al., 2006a (WEBER et al., , 2006b . Therefore focus in this study was put upon the consequences of different meteorological forcing and turbulent mixing on particle concentrations in a street canyon and a backyard. (Fig. 1) .
The backyard (BAY) is situated to the E of CAN and is completely enclosed by buildings and brick walls (Fig. 2) . It covers a surface area of around 400 m 2 . The building/wall heights vary between 17 m in the western part of the backyard (adjacent to CAN) and 4 m in the eastern parts of BAY. The height to width ratio therefore varies between 0.17 and 0.68. The backyard is sparsely vegetated and is used as a hotel car park with a low traffic intensity of < 10 vehicle movements per day. A solid rolling gate (no air movement possible) which allows access to the backyard is permanently closed unless a vehicle enters the hotel car park.
Material and methods

Instrumentation
Particle concentrations were measured at heights of 3.2 m above ground level (agl) in CAN and at 3.8 m (BAY) and 13 m agl (BAY t ) in the backyard with three optical particle counters (OPC, see Tab. 1 and Fig. 2 for details) . At both sites the instruments were mounted at a distance of approximately 3 m off the westward house walls. The horizontal distance between the measurement sites CAN and BAY is about 50 m.
The OPC measures number concentrations in the size range 0.25 µm < Particle Diameter (D p ) < 32 µm by a light scattering technique. The signal of a single particle passing a laser beam is counted by a recipient diode.
The pulse height of the signal is detected by a multichannel classifier and measured as particle size distribution in 32 size channels. The size distribution is then converted into the mass fractions PM 10 , PM 2.5 and PM 1 by the instrument software assuming appropriate densities of urban aerosol for the different size classes. Above a threshold of 70 % relative humidity dry and particlefree air is mixed to the aerosol sample to prevent humidity effects (e.g. condensational growth). Particle concentrations were sampled at a 6 s time resolution and stored as 1 min averages to data storage cards.
Air temperature (T) and relative humidity (rH) were measured by a sensor attached to the OPC. Both quantities were estimated as 1 min averages and stored to data storage cards. Horizontal and vertical wind vectors u, v, w and acoustic temperature T s were measured at a sampling rate of 10 Hz by two three-dimensional sonic anemometers at 3.7 m agl in CAN and BAY. The raw data files were stored to a desktop computer. During the post-processing half-hourly averages and covariances for both sonics were calculated from the raw data.
Since it was not possible to perform above roof wind measurements on-site, data of the suburban station Duesseldorf-Reisholz (REIS) of the North Rhine Westphalia State Agency for Nature, Environment and Consumer Protection (LANUV NRW) at 22 m agl was used. The station is situated in the SE of Duesseldorf at a distance of 6 km from the study site. Wind speed (u REIS ) and direction (φ REIS ) were measured by a wind vane and cup anemometer, respectively. Due to the low building density in the surrounding of REIS wind data can be characterised as undisturbed and will be used as reference wind in further data analysis. For all meteorological quantities and particle data 30 min averages were calculated and used in subsequent data analysis.
Precipitation data was also not available on-site. To check for any influence of precipitation on measured particle concentrations data from the German weather service station at Düsseldorf-Airport was used (station No. 10400, Lat. 51 • 17', Lon. 06 • 46', daily precipitation sums). It is situated in the N of Duesseldorf at a horizontal distance of about 8 km from the study site.
Quality check of OPC measurements
To check for possible deviations of particle concentrations between the OPC's used in this study, instruments eschweizerbartxxx Table 2 : Intercomparison of OPC's prior to the measurement campaign at the street canyon site. Data from the period 9-14 August 2006 (data basis: 1 min averages, n = 3940, independent variable: OPC BAY). OPC's are labelled according to the later measurement site. were collocated at the CAN site prior to the experiment. The sampling heads were separated less than 0.5 m from each other. PM 10 mass concentrations during this period spanned a range from about 5 to 65 µg m −3 (Fig. 3) . The measurements indicated good comparability and statistical relationship between the three instruments (Tab. 2). In order to compare absolute concentrations between measurements sites in subsequent data analysis a simple linear correction based on the regression analysis (r 2 > 0.92) was used to correct for small deviations between the OPC's.
Mass fraction
The absolute accuracy of the OPC mass concentrations was evaluated by comparison to TEOM measurements at the CAN site. The TEOM data was taken from routine observations performed by the North Rhine Westphalia State Agency for Nature, Environment and Consumer Protection (LANUV NRW). During a period of 20 days the OPC's were installed at the roof of the LANUV measurement container in close proximity to the TEOM sampling inlet. Based on daily averages calculated from the raw data of TEOM and OPC, the three optical counters underrepresented TEOM PM 10 concentrations by less than 10 % (r 2 > 0.89, data not shown here). However, due to the lower OPC cut-off at 0.25 µm a certain amount of ultrafine/fine particle mass is 'not seen' by the instrument. Ultrafine/fine particles < 0.18 µm were observed to be responsible for up to 12 % of PM 2.5 mass in Pittsburgh, US (CABADA et al., 2004) . With a characteristic PM 2.5 /PM 10 ratio of around 0.7 in a similar urban street canyon (WEBER et al., 2006b ) the underestimation of absolute PM 10 particle mass by the present OPC can be estimated to be about 15 %. However, since this study focuses on spatial differences and dynamics of PM concentrations between sites equipped with optical counters identical in construction, underestimation of absolute particle mass is negligible in this study.
Data handling
In order to study possible effects of different wind directions on the coupling of particle concentrations between BAY and CAN we classified situations of crosscanyon and along-canyon flow at CAN according to the reference wind directions at REIS. We classified crosscanyon flow at CAN from easterly directions (CRC E ) when 30 • <φ REIS < 150 • and from westerly directions (CRC W ) when 210 • <φ REIS < 330 • (cf. Fig. 1 ). Alongcanyon flow (ALC) was classified for a sector of 20 • around the street canyon axis from either north 350 • < φ REIS < 10 • or south 170
A sector of 120 • chosen for classification of CRC flow is relatively large and does incorporate flow situations which are not strictly perpendicular to the canyon. During those situations flow regimes inside canyons are known to be rather 'corkscrew-like' than being a single-vortex circulation (JOHNSON and HUNTER, 1999; KASTNER-KLEIN et al., 2004) . However, a smaller angle for classification of CRC-flow of, say 45 • around the street canyon axis, would have resulted in a relatively small data set for subsequent analysis. With the present method of flow classification we extracted data covering 37 % and 33 % of the entire data set for CRC W and CRC E respectively. ALC flow situations accounted for 7 % of the study period.
Results and discussion
Meteorological conditions and urban canopy layer flow regimes
The wind direction frequency distribution at REIS had its maximum from south easterly directions (43 %) with a second peak from W and SW (28 %) during the study period. Due to channelling effects of the Rhine valley direction frequency distributions with maxima from SE are typical for this region of Germany. While the wind speed at REIS is about 3 m s −1 on average (cf. Tab. 3) the highest wind speeds are measured for SW directions (Fig. 4 top) . However, at CAN and BAY wind speeds are considerably reduced by urban roughness. This agrees with published wind tunnel results (HALL et al., 1999; SHARPLES and BENSALEM, 2001) . Average wind speed reaches 0.63 m s −1 (CAN) and 0.27 m s −1 (BAY) respectively (Tab. 3). The maximum reduction of flow within the urban canopy layer (UCL) is observed for SW flow decreasing to only 4 % (BAY) the value at REIS (Fig. 4 bottom) . While at CAN the direction sectors NW, N and NE are reduced to about 50 % of the reference wind speed the reduction for the remaining sectors is considerably larger.
In comparison to CAN reduction of average wind speed within the UCL is even more pronounced at BAY but is less dependent on the direction of the approaching flow. Wind is reduced to between 10 to 20 % of the reference wind in the western sectors and 5 to 10 % in the other sectors. Therefore dispersion of air pollutants is limited at both sites due to considerable reduction of UCL wind speeds.
Another important factor for dispersion of pollutants is associated with local scale circulations within the UCL, e.g. street canyon vortex circulations transporting pollutants towards or away from a measurement location (e.g. BODDY et al., 2005; WEBER et al., 2006a) . A vortex develops at CAN during periods when the flow is directed perpendicular to the street canyon axis (Fig. 5) . With wind being directed from the remaining direction sectors flow is more or less channelled into the orientation of the street canyon at CAN. However, at BAY a vortex circulation develops regardless of the direction of the reference wind due to the completely enclosed building/wall structure at BAY. The deviation between the wind direction at REIS and BAY is about 189 • ( 23 • ) on average indicating opposite wind directions at BAY in relation to REIS. (Fig. 6 ). The concentration difference between both sites agrees with the results presented for gaseous pollutants (BAUER and ALEXANDER, 1996) . Similar observations for particulate pollutants are not published according to the authors' knowledge. When comparing concentration differences between CAN and BAY t an increase to 34 % and 32 % for PM 10 and PM 1 respectively can be observed. In a street canyon in Hannover, Germany, PM 10 concentration differences up to a factor of 2 between canyon and roof-top station were reported (SCHATZMANN et al., 2006) . This is due to the roof areas being prone to increased turbulent exchange (e.g. CHRISTEN, 2005; ELIASSON et al., 2006 ) making dilution and mixing of particles with less polluted urban background air more effective at roof level. The vertical difference within the backyard (BAY/BAY t ) is near unity for the coarse fraction on average but slightly larger by about 7 % for PM 1 at ground level (Fig. 6) .
For particle concentrations classified to the direction of the approaching flow (cf. section 3.3) different patterns of concentrations emerge (Fig. 7) . In general the canyon site is characterised by larger average concentrations in comparison to BAY during all flow classifications. However, some differences can be observed for the coarse and submicrometer particle fractions. During CRC W the canyon vortex transports particles to the westward wall where the measurement site is located. This results in highest absolute PM 10 values for CRC W . This is in agreement to other studies reporting higher concentrations by factors of 1.5 to 2 for the leeward side of the canyon (BODDY et al., 2005; WEBER et al., 2006a) . The PM 10 values at BAY do not notably differ between CRC W and CRC E . The average difference in PM 10 concentrations is only 0.6 µg m −3 . Therefore the vortex which also develops in BAY during CRC W (cf. Fig. 5 ) and transports air towards the measurement device apparently has minor influence on resulting concentration differences. This points out that air within the backyard is generally less polluted since local emissions of coarse particles (e.g. brake and tyre abrasion from traffic, JOHANSSON et al., 2007) are negligible within BAY. Above that, background air transported from either westerly or easterly directions seems to be relatively similar in terms of coarse particle loading since vortex circulation of backyard air towards the OPC (during CRC W ) and away from the OPC (during CRC E ) has no significant influence on particle concentrations.
For the submicrometer fraction the maximum average concentration occurs during CRC E both in CAN and BAY (Fig. 7) . This seems not to be related to any microscale circulation pattern but to some enhanced transport of submicrometer particles from E.
Both PM 10 and PM 1 show minimum concentrations during ALC which is mainly due to enhanced venting of canyon and backyard air. Average horizontal wind speeds in CAN are larger by a factor of 1.35 during ALC in comparison to the average of the entire study period (data not shown here).
A plot of the differences in concentration ratios between CAN and BAY stresses the influence of urban canopy layer flows, namely the vortex circulation. Regardless of the direction of the approaching flow the concentration ratio CAN/BAY is always larger than unity. However, the highest differences between CAN and BAY occur during westerly flow with ratios of up to 1.42 and 1.32 for PM 10 and PM 1 , respectively (Fig. 8) . This effect is due to the vortex circulation within CAN and BAY. More polluted air masses within CAN are directed towards the OPC situated at the westward house wall. The same holds for BAY, however, air within BAY is less polluted as discussed above. Even if more submicrometer particles are transported with easterly flow, higher PM 1 concentration differences between both sites also occur for westerly flow since the vortex during easterly flow transports particles away from the BAY OPC. This stresses the fact that the vortex has significant influence on the particle concentration in polluted air masses, while for the less polluted air masses in BAY the canopy layer vortex is of minor influence.
Particle number concentrations
Elevated concentrations in the submicrometer size range for flow from the E are also supported when plotting number concentrations classified according to the flow directions (Fig. 9) . Situations during CRC E are characterised by larger concentration in comparison to the other classifications and entire study period respectively. Average total particle numbers in the size range 0.3 < D p < 1 µm are 105 cm −3 and 90 cm −3 for CAN and BAY during the entire study period. They increase to about 116 cm −3 and 103 cm −3 for CAN and BAY during CRC E flow. In the previous section we discussed micrometeorological influences not to be responsible for increase of submicrometer particles during easterly flow. Therefore some medium or long-range transport of submicrometer particles must be responsible for elevated concentrations during CRC E . 
Influence of precipitation
Precipitation events during the study period were mainly associated to westerly flow directions as documented by a correlation of precipitation measurements at Duesseldorf-Airport (cf. section 3.2) with large-scale circulation regimes as classified according to GERSTENGARBE et al. (1999) . Events with the highest precipitations sums were linked to the circulation regimes NWA (northwest-anticyclonic), NWZ (northwest-cyclonic) and SWZ (southwest-cyclonic). These circulation regimes accounted for 85 % of the precipitation amount during the study period (data not shown here). Scavenging or wash-out effects of particles during precipitation will lead to particle concentration decreases, which are more effective for the coarse particle fraction due to a higher wet-deposition velocity of coarse particles in comparison to fine particles by about eschweizerbartxxx two orders of magnitude (MAQUA et al., 1987; SEIN-FELD and PANDIS, 1998) . Since time periods of westerly flow are apparently more influenced by wash-out than easterly flow a stronger decrease of particle concentrations during westerly flow becomes likely. However, this was not subject of the present analysis which is more interested in concentration differences between the street canyon and the backyard.
Temporal coupling of particle concentrations and influence of turbulence
In this section we try to shed light on the temporal evolution of particle concentrations over the diurnal course. Generally, the temporal evolution of concentration differences between CAN and BAY is similar for both fine and coarse particles (Fig. 10) . The difference CAN/BAY is greater than unity throughout the course of day, i.e. concentrations measured at CAN are consistently larger. Significant impact of traffic on the PM 10 and PM 1 concentration differences during the morning and afternoon rush-hours can be observed (Fig. 10 ). In the time periods from around 06 to 09 CET and 16 to 19 CET concentration increases by about 10 to 15 % are evident at CAN. During these periods atmospheric dilution is weak and can not compensate for the strong increase of particle emission/resuspension from traffic. In order to evaluate the effect of atmospheric dilution by mean wind the PM 10 time series was normalised by average wind speeds at REIS (Fig. 11 top) . The temporal evolution of this time series is in phase with the temporal evolution of the CAN/BAY ratio (Fig.10 ). This is due to both weaker wind speeds and a more stably stratified atmosphere especially during the morning and strong increase of particle emission from traffic. During noon hours increasing ambient wind speed and mechanical turbulence, indicated by the standard deviation of vertical wind speed σ w (Fig. 11 middle) , going along with the general growth of the mixing layer height through the course of the day dilute pollutant concentrations within the urban boundary layer (e.g. SCHÄFER et al., 2006) . This can be observed both in the normalised and the absolute PM 10 time series (Fig. 11) .
The vertical concentration differences in the 'backyard atmosphere' (BAY/BAY t ) are characterised by a peak of the near surface concentrations around noon (11 to 15 CET, Fig. 10 ). The relative concentration difference increases by about 15 %. Since this increase is not coupled to the peak of traffic intensity during the morning/afternoon rush hours some other mechanism has to trigger this local peak. It seems that influences of thermal turbulence can explain the evolution of the concentration time series. Fig. 11 (bottom) indicates the temporal coherence of the increase of both the kinematic sensible heat flux and PM 10 concentrations.
Similar observations were reported from particle number concentration/flux measurements performed within a street canyon and above a city (DORSEY et al., 2002; LONGLEY et al., 2004) .
Considering more effective dilution at roof level height due to higher wind speeds and turbulent exchange (e.g. ROTH, 2000; CHRISTEN, 2005 ) the vertical nearsurface concentration difference about noon can be satisfyingly explained by the different effects of mechanical and thermal turbulence.
The meteorological influence of turbulence parameters was further studied by means of a correlation analysis (Tab. 4). Generally, the magnitude of the correlation coefficients is not large which is due to a high day-to-day variability in PM concentrations often forced by considerable variations in the background aerosol, e.g. variations in background aerosol due to long-range transport (JOHANSSON et al., 2007; SALVADOR et al., 2007) . However, we found a clear negative correlation of particle concentrations with mechanical turbulence and dilution of the urban boundary layer as indicated by the horizontal wind speed at REIS (u REIS ) and σ w (Tab. 4). Thermal turbulence on the other hand is positively correlated to particle mass and number concentrations. However, it should be noted that besides the effects of thermal turbulence other processes (e.g. photochemistry, gas-toparticle conversion) will also be important in affecting the temporal evolution of particle concentrations in the UCL.
Nocturnal vertical structure in BAY
The nocturnal PM 10 backyard ratio which is smaller than unity (Fig. 10 top) shows that coarse particles are able to deposit to the backyard during night time. With a nocturnal BAY/BAY t ratio of about 0.96 deposition is not large, however, similar effects are not observed for neither CAN PM 10 nor submicrometer particles. This is believed to be due to two factors: there is still traffic movement within CAN at night which leads to emission and resuspension of particles into the near-surface layer. On the other hand, deposition velocity of PM 10 is about two orders of magnitude larger than PM 1 (e.g. FINLAYSON-PITTS and PITTS, 2000) resulting in more effective deposition of coarse particles to the surface of the backyard.
Summary and conclusions
During an eight week study period particle concentration differences between a busy urban street canyon and an adjacent backyard were measured by means of optical particle counters. On average, distinct concentration differences between the sites were obvious for both coarse and submicrometer particles. The ratio of CAN/BAY is generally larger than unity due to enhanced emission and resuspension of particles within the canyon. BAY on the other hand is characterised by a negligible influence of local particle emissions.
By classifying particle concentrations to the suburban reference wind direction a significant influence of the canyon vortex circulation on concentration differences between CAN and BAY was evaluated. Average maximum differences between CAN and BAY can amount up to 42 % (PM 10 ) and 32 % (PM 1 ) during westerly flow although both sites are separated only 50 m horizontally.
However, the vortex has important influence on the more polluted air masses within the canyon while mixing of less polluted air inside the backyard showed only little influence. The temporal evolution of particle concentration differences between canyon and backyard was influenced by thermal and mechanical turbulent mixing. While the first quantity was positively correlated to particle concentrations (mixing of particles into the near-surface air) the latter was negatively correlated to particle concentrations due to dilution of polluted air. This study demonstrates that micrometeorological quantities, i.e. mechanical and thermal turbulence, can have important influence on the evolution of particle concentration within the UCL. They have to be taken into account for adequately monitoring, modelling and forecasting particle concentrations in the urban environment.
